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Abstract 
A low power, dc arcjet thruster was tested for 
starting reliability using hydrogen-nitrogen mix- 
tures simulating the decomposition products of 
hydrazine. More than 300 starts were accumulated 
in phases with extended burn-in periods interlaced. 
A high degree of flow stabilization was built into 
the arcjet and the power supply incorporated both 
rapid current regulation and a high voltage, pulsed 
starting circuit. 
was maintained throughout the test. 
rapid recession to a steady-state operating geome- 
try. A target of 300 starts was selected, as this 
represents significantly more than anticipated (150 
to 240), in missions of 10 yr or less duration. 
Weighings showed no apparent mass loss. Some anode 
erosion was observed, particularly at the entrance 
to the constrictor. This was attributed to a brief 
period during startup that the arc anode attachment 
point spends in the high pressure region upstream 
of the nozzle. 
A nominal current level of 10 A 
v) N
g 
Photomicrographs of the cathode tip showed a 
Based on the results obtained, startup does 
not appear to be performance or lifelimiting for 
the number of starts typical of operational satel- 
lite applications. 
ffttmduction 
Arcjet thrusters have long been considered for 
use in spacecraft propulsion. 
opment efforts first began in the mid 1950's a d 
During this time the availability of nuclear elec- 
tric power was assumed (SNAP-8 program) and the 
arcjet was seen mainly as a high thrust option for 
missions on which primary propulsion was required.2 
Because of this, most of th research was focussed 
on the 30 kW power level .3-2 Government spon- 
sored programs at the Plasmadyne Corporation did 
produce thru ters that ran at the 1 and 2 kW levels 
on Recently, renewed interest in 
the arcjet has resulted in new programs for the 
advancement of arcjet technology. 
est, 1 0 , ~ l  much of the NASA research effort is 
centered on developing a unit capable of operating 
on storable propellants at power levels currently 
available on communications satellites 
(Pe 5 1.5 kW). Ongoing research has shown that 
specific impulse levels in the 400 to 500 sec range 
are readily attainable. This is a significant 
increase over the current resistojet technology 
which i s  limited to a maximum of about 380 sec 
specific impulse, on hydrazine, by materials capa- 
bilities. The anticipated revenue enhancements 
that arcjet performance levels could provide have 
caused a considerable amount of discussio of 
requirements for a near term flight test.P2 Major 
efforts required prior to such a test include: (1) 
the development of an efficient flight-type power 
Research and devel- 
continued for approximately the next 10 years. P 
Wh' e the 30 kW power level is still of inter- 
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processor; (2) design, testing, and integration of 
an arcjet system that will operate over the range 
of power levels and blowdown pressures available 
on communications satellites; (3) completion of an 
impacts assessment study including the effects of 
radiated and conducted EM1 and the effects on 
transmission through the arcjet plume; (4) extended 
duration life testing under true mission conditions 
and (5) development of a reliable procedure for 
starting the arcjet and affecting the transfer to 
steady state. 
early studies at NASA Lewis Research Center. 
these, a Plasmadyne engine, left over from the 
SERT I program, was slightly modified and run with 
hydrogen-nitrogen mixtures simulating hydrazine and 
ammonia. A ballasted power supply with no high 
speed current regulation was used in these tests. 
Serious damage was incurred as the arcjet often 
remained in the low mode, in which the arc seats 
in the high pressure region u stream of the nozzle, 
for extended periods of Improved 
starting was achieved on a short-term basis by 
incorporating stronger flow stabilization into the 
arcjet de 'gn and using an improved power process- 
ing unit.?$ This was an important advance, as 
missions proposed for arcjet application on commu- 
nications satellites will probably require on the 
order of 200 on/off cycles for N-S station keeping 
and many more if the thruster is used for E-W sta- 
tion keeping and/or attitude control. 
Starting phenomena continue to receive a high 
level of emphasis. As  a next logical step on the 
path to a flight ready arcjet system a 300 start 
reliability test was performed. 
starts were performed before the thruster had been 
run for any appreciable amount of time, after brief 
duration firing, and after the thruster had been 
fully "burned-in." 
demonstrated more than 300 starting sequences, a 
number of phenomena were observed that bear further 
study. This report documents some of these phenom- 
ena and presents a photographic history of the 
electrodes before, during, and after the test. 
More detail 
ion report. 16 
The need for this last effort was shown in 
In 
In this test, 
While the test successfully 
of the test can be found in a compan- 
Apparatus - 
Arcjet Thruster 
A cross-sectional schematic of the arcjet 
thruster used in the tests described herein is 
shown in Fig. l(a). 
eter, 2 percent thoriated tungsten rod. Both the 
front and the rear insulators were made from boron 
nitride with calcium added to stabilize the boric 
acid binder and raise its melting point. A modi- 
fied stainless steel gas fitting was used as a 
feed-through and to clamp the cathode in place. A 
threaded holding bolt inserted into the rear insu- 
lator from the opposite direction held the modified 
fitting in place. A piece of tantalum foil was 
The cathode was a 3.2 mm diam- 
1 
inserted between the f ront  insulator and the  cath- 
ode t o  center the  cathode and  t o  minimize gas flow 
around i t .  
s t a in l e s s  s t ee l .  
threaded through th i s  t o  serve as the propellant 
i n l e t .  The anode insert was machined from 
2 percent thoriated tungsten stock. The half angle 
on the  chamber (converging) side of the  in se r t  was 
30" while tFe nozzle i t s e l f  was conical with a half 
angle of 20 . The constrictor was 0.64 mm 
(0.025 in . )  in diameter and 0.25 mm (0.010 in.)  in 
length. The nozzle area r a t i o  was approximately 
150. Vortex flow s tab i l iza t ion  was provided by a 
s t a in l e s s  s t ee l  gas injection disk tha t  f i t  between 
the  f ron t  insulator and  the  upstream face of the 
anode inser t .  This injection disk had two circu- 
l a r ,  o f fse t  propellant feed passages, nominally 
0.25 mm in diameter, t o  bring gas tangentially t o  
the  arc chamber, as shown in Fig. l ( b ) .  Raised 
rings were machined into the upstream faces of both 
the  injection disk and t he  anode inser t .  Grafoil 
gaskets placed over these rings affected a gas- 
t i g h t  seal when the  f r o n t  insulator was pushed for- 
ward by an inconel spring. 
compressed by the  anode housing and the  rear  insu- 
l a to r  which were held together by two s t a in l e s s  
s tee l  clamping plates secured by four bolts.  
Power Supply 
A pulse width-modulated power supply designed 
and bu i l t  a t  NASA Lewis was used t h r o u g h o u t  the 
study15. This s u p p l y  was capable of operating 
a t  u p  t o  1 2  A a t  140 V .  A s t a r t i ng  c i r c u i t  was 
provided as an integral part of the  power proces- 
sor. This provided a high voltage pulse every 
second unt i l  arc ignition occurred. A typical 
s t a r t i ng  pulse, from open c i r c u i t ,  i s  shown in 
Fig. 2 .  The pulses were approximately 4 kV in mag- 
nitude and 3 mlsec fu l l  width a t  half the  maximum 
voltage. A f a s t  storage oscilloscope was used t o  
monitor s t a r t i ng  transients a t  various points in 
the  t e s t .  The voltage required f o r  breakdown was 
typ ica l ly  between 1 and 3 kV. 
d i f fe ren t  phenomena were observed. 
the breakdown was followed by a t rans i t ion  t o  the  
steady s t a t e  mode. I n  others,  breakdown was 
followed by a substantial voltage osc i l la t ion  (0  t o  
500 V ) .  Examples of these a re  shown in Figs 3 (a )  
and 3(b) .  
breakdown phenomena i s  presented elsewhere. 
The osc i l l a t ions  were too rapid t o  be observed on 
the data recording system. 
The anode housing was made of 316 
A s ta in less  s t ee l  f i t t i n g  was 
This spring was 
After breakdown two 
In some s t a r t s  
ike Further study and discussion of 
Vacuum Faci 1 i t y  
Two vacuum f a c i l i t i e s  were used in these 
experiments. 
1 ong  vacuum chamber.r3 Under normal operating 
conditions, with t h e  maximum flow r a t e  of 
4 . 3 ~ 1 0 - ~  kglsec, t h e  background pressure in t h i s  
f a c i l i t y  was l e s s  t h a n  0.65 P a  ( 5 ~ 1 0 - ~  Torr). 
The second f a c i l i t y  used was a bell  j a r  which was 
0.457 m in diameter and 0.61 m high. 
mounted on a 0.178 m high spool piece of the  same 
diameter. 
pump (20,700 SLPM). With no flow in to  the  chamber 
the ambient pressure was approximately 45 Pa 
(0.35 Torr) while a t  the maximum gas flow ra t e  the  
background pressure rose t o  about 90 P a  
(0.65 Torr). The arcjet  was mounted from the  upper 
flange with the  exhaust directed toward a water 
cooled s t a in l e s s  steel t a rge t .  The e l ec t r i ca l  con- 
The f i  s t  was a 1.5 m diameter by 5 m 
This was 
Pumping was provided by a large roughing 
nections and the propellant feed l i ne  were a l so  
made t h r o u g h  the  t o p  f lange so t h a t  the e n t i r e  
flange could be l i f t e d  f o r  easy access t o  the  arc- 
j e t  assembly. A photograph of t h i s  f a c i l i t y  i s  
shown in Ref. 16. 
Thrust Measurement 
The thrus t  measurement s stem used in the  
t e s t s  i s  described elsewhere.I6 Briefly,  the  
thrus te r  was mounted on a thermally isolated p l a t -  
form affixed t o  a second water-cooled platform sup- 
ported on flexures.  A l inear  variable d i f f e ren t i a l  
transducer (LVDT) was used t o  measure platform dis- 
placements, from which applied thrust could be 
deduced. Known weights attached t o  a monofilament 
l i ne  attached t o  a windlass and  the  thrus te r  plat-  
form were used f o r  ca l ibra t ion .  
t u s ,  with the  exception of the  a rc j e t ,  was 
surrounded by a water cooled copper jacket.  This 
arrangement v i r tua l ly  eliminated thermal d r i f t  in 
t h a t  t he  thrus te r  could be r u n  fo r  hours with no  
detectable o f f se t  observed in the  thrus t  
measurement. 
The e n t i r e  appara- 
Flow Control and Metering 
Different flow control systems were used in 
the  two f a c i l i t i e s .  In the  larger f a c i l i t y  commer- 
c i a l l y  available flowmeters employing thermal con- 
duc t iv i ty  type sensors were used. These had a f u l l  
scale range of 5 SLPM and were calibrated in-situ.  
The propellant feed system was designed t o  allow 
use of hydrogen, nitrogen or mixtures of the  two. 
S ta in less  s t ee l  valves employing bellows sea l s  were 
used f o r  onloff control,  while precision needle 
valves were u t i l i zed  t o  adjust  the propellant 
flows. The bell  j a r  system was equipped with com- 
mercially available mass flow cont ro l le rs .  A cen- 
t r a l  power supply and readout unit  ran individual 
cont ro l le rs  f o r  b o t h  hydrogen and nitrogen. The 
cont ro l le rs  were desiqned and factory calibrated 
f o r  t he  spec i f ic  gases and a l s o  were calibrated in 
s i t u .  As on the  other system, the gases could be 
mixed on the  propellant flow panel. For t h i s  sys- 
tem no needle valves were necessary as the  flow 
cont ro l le rs  actively maintained the  propellant flow 
ra t e s  a t  preset  levels.  
Data Recording 
A n  eight channel b r u s h  recorder was used t o  
record current,  voltage, t h rus t ,  propellant flow 
ra t e  and pressure readinqs. The individual chan- 
nels were isolated from each other and each was 
isolated from input t o  output via internal isola- 
t ion  transformers. 
t ha t  the  voltage channel did, a t  times, induce 
noise in to  the other channels. To prevent t h i s  an 
additional isolation amplifer was added. A n  analog 
storage oscilloscope with d i f f e ren t i a l  inputs was 
used t o  monitor s t a r t i ng  phenomena on the  micro- 
second time scale.  
I t  was found durinq the  t e s t  
Power Metering 
Power was monitored by measuring the arc cur- 
The voltage measurements rent and voltage levels. 
were taken a t  t he  point where the power leads fed 
t h r o u g h  the  flange in to  the vacuum chamber. 
current was sensed with a Hall-effect current 
Drobe. 
The 
2 
Exper imenta l  Procedures 
s e t  a t  a nominal  va lue  o f  10 A. F o r  t h e  purposes 
o f  t h i s  s t u d y  a s t a r t  i s  d e f i n e d  as t h e  breakdown 
and t h e  subsequent t r a n s f e r  t o  s tab le ,  d i f f u s e  arc 
at tachment  i n  t h e  nozzle.  
To m o n i t o r  t h e  e f f e c t s  o f  s teady s t a t e  opera- 
A l l  s t a r t s  were taken w i t h  t h e  power supply  
t i o n  on s t a r t i n g  phenomena, t h e  t e s t  was r u n  i n  
f o u r  phases. 
formance measurements were taken  and two a d d i t i o n a l  
t e s t s  were performed. 
Tab le  1. Each phase c o n s i s t e d  o f  a number o f  shor t  
s t a r t s  ( t y p i c a l l y  5 t o  10 sec) and a burn- in  
p e r i o d .  
app rox ima te l y  3 m in  i n t e r v a l s .  
mise due t o  t h e  t i m e  necessary t o  c o o l  t h e  t h r u s t e r  
comp le te l y  i n  t h e  vacuum environment.  As t h e  f i r s t  
p r a c t i c a l  a p p l i c a t i o n  o f  t h e  a r c j e t  t h r u s t e r  w i l l  
p r o b a b l y  i n v o l v e  t h e  use o f  hyd raz ine  p r o p e l l a n t  
e n t e r i n g  t h e  t h r u s t e r  a t  an e l e v a t e d  temperature 
i t  was f e l t  t h a t  t h e  s l i g h t  h e a t i n g  o f  t h e  t h r u s t e r  
body would n o t  be d e t r i m e n t a l  t o  exper imenta l  
r e s u l t s .  P r i o r  t o  t h e  i n i t i a l  t h r u s t e r  assembly 
t h e  cathode was weighed and photomicrographs o f  the 
cathode t i p  and scanning e l e c t r o n  microscope (SEM) 
photographs o f  t h e  anode were taken. 
b y  a 10 m in  bu rn - in  pe r iod .  
7 s h o r t  s t a r t s .  
phenomena was seen b e f o r e  and a f t e r  t h e  burn- in  
p e r i o d  so Phase I 1  was completed b e f o r e  t h e  
t h r u s t e r  was disassembled f o r  i n s p e c t i o n  and docu- 
mentat ion.  T h i s  and f o l l o w i n g  documentat ion 
p e r i o d s  i n v o l v e d  t h e  same measurements taken p r i o r  
t o  Phase I. Phase I 1  c o n s i s t e d  o f  7 s h o r t  s t a r t s  
and a 30 min bu rn - in  p e r i o d  f o l l o w e d  b y  10 s h o r t  
s t a r t s .  I n  Phase 111, 20 s h o r t  s t a r t s  preceded and 
f o l l o w e d  a 1 h r  bu rn - in  pe r iod .  
t h r u s t e r  was disassembled f o r  documentation. 
Phase I V  c o n s i s t e d  o f  28 s h o r t  s t a r t s ,  a 10 h r  
bu rn - in  p e r i o d  and 32 more s h o r t  s t a r t s .  
f i n a l  d isassembly f o r  documentat ion t h e  t h r u s t e r  
was reassembled f o r  performance t e s t i n g  and t o  
b r i n g  t h e  t o t a l  number o f  s t a r t s  t o  more than  300. 
F i n a l l y ,  two f u r t h e r  t e s t s  were r u n  t o  examine 
s t a r t i n g  phenomena. I n  each t h e  t h r u s t e r  was 
reassembled w i t h  a newly p o l i s h e d  cathode. I n  the 
f i r s t  t e s t ,  t h e  t h r u s t e r  was sub jec ted  t o  30 b r i e f  
s t a r t s ,  none longer  t h a n  15 sec i n  du ra t i on .  In 
t h e  second t h e  t h r u s t e r  was s t a r t e d  once and run  
f o r  30 min. 
A t  t h e  end o f  t h e  f o u r t h  phase per-  
These a re  summarized i n  
Successive s h o r t  s t a r t s  were taken  a t  
T h i s  was a compro- 
Phase I began w i t h  42 s h o r t  s t a r t s  f o l l o w e d  
T h i s  was f o l l o w e d  by 
L i t t l e  d i f f e r e n c e  i n  s t a r t i n g  
Once again t h e  
A f t e r  a 
Resu l t s  and D iscuss ion  
As i n d i c a t e d  i n  t h e  preceding sec t i on ,  t h e  
t e s t  was performed i n  f o u r  phases; f o l l o w e d  by per- 
formance measurements and two b r i e f  s p e c i a l  tests .  
Each phase e n t a i l e d  a number o f  s h o r t  s t a r t s  and a 
bu rn - in  pe r iod .  The bu rn - in  p e r i o d  was lengthened 
i n  each success ive phase i n  o r d e r  t o  observe t h e  
e f f e c t  o f  s teady s t a t e  o p e r a t i o n  on s t a r t i n g  phe- 
nomena. 
c o n d i t i o n s  and q u a l i t y  i s  g i v e n  elsewhere.' A s  
t h e  Phase I burn - in  p e r i o d  was b r i e f  and t h e  v o l t -  
age and c u r r e n t  t r a c e s  were s i m i l a r  i n  s t a r t s  
b e f o r e  and a f t e r  t h e  burn- in,  i t  was dec ided t o  
pe r fo rm Phase I 1  b e f o r e  t h e  f i r s t  d isassembly f o r  
i n s p e c t i o n .  The t h r u s t e r  was disassembled f o r  
i n s p e c t i o n  again a f t e r  Phases I11 and I V .  The 
f o l l o w i n g  d e t a i l s  t h e  changes i n  t h e  c o n d i t i o n  of 
A more complete d i s c u s s i o n  o f  t he ,z ta r t i ng  
t h e  e l e c t r o d e s  w i t h  t i m e  and presents ,  where poss i -  
b le ,  a d i s c u s s i o n  o f  t h e  p h y s i c a l  processes respon- 
s i b l e  f o r  these changes. 
A photomicrograph o f  t h e  cathode t i p  as i t  
went i n t o  t h e  i n i t i a l  assembly i s  shown i n  F ig .  4. 
Ths t i p  was f i r s t  ground t o  a h a l f - a n g l e  o f  r o u g h l y  
30 and t h e n  p o l i s h e d  f u r t h e r  i n  an at tempt  t o  
remove t h e  sharp shoulders and rough edges produced 
i n  t h e  g r i n d i n g  process. 
e f f o r t  t o  decrease t h e  p r o b a b i l i t y  o f  a rc  i n i t i a -  
t i o n  upstream o f  t h e  cathod: t i p .  
ang le  was measured t o  be 25 . 
The anode had been r e c o n d i t i o n e d  a f t e r  a p r i o r  
t e s t .  SEM photographs o f  t h e  upstream (chamber) 
s i d e  o f  t h e  i n s e r t  a r e  shown i n  F ig .  5. 
F i g u r e  5(a)  shows t h e  i n t e r i o r  su r face  t o  be c l e a n  
and f r e e  o f  machining b u r r s  near  t h e  c o n s t r i c t o r  
ent rance.  Small c racks  t h a t  r u n  t h e  l e n g t h  o f  :he 
c o n s t r i c t o r  were n o t i c e a b l e  a t  approx imate ly  60 
i n t e r v a l s .  These c racks  a re  due t o  thermal  
s t r e s s e s  and have been a common observa t i on  i n  
t e s t s  o f  l ow  power, c o n s t r i c t e d - a r c  a r c j e t  
t h r u s t e r  a t  NASA Lewis and a t  t h e  Rocket Research 
Company.17 Though t h e  appearance o f  these 
cracks,  and t h e  f a c t  t h a t  t h e y  have proven unavoid- 
a b l e  t o  date,  were i n i t i a l l y  a cause f o r  concern, 
extended t e s t i n g  has shown no evidence t h a t  t h e y  
a r e  performance o r  l i f e  l i m i t i n g .  
f i e d  v iew o f  one o f  t hese  i s  shown i n  F ig .  5 (b ) .  
The nozz le  s i d e  o f  t h e  anode was s i m i l a r  i n  appear- 
ance w i t h  t h e  excep t ion  o f  a b u r r  on t h e  l i p  of t h e  
c o n s t r i c t o r  e x i t .  T h i s  b u r r  was l e f t  i n  p l a c e  t o  
a c t  as an i n d i c a t o r  o f  hea t  l o a d  i n  t h i s  r e g i o n  of 
t h e  anode throughout  t h e  t e s t .  
Examinat ion o f  t h e  cathode a f t e r  Phase I 1  
showed b o t h  a change i n  t h e  appearance o f  t h e  c o n i -  
c a l  s u r f a c e  l e a d i n g  t o  t h e  shoulder  o f  t h e  cathode 
and a recess ion  o f  t h e  t i p .  F i g u r e  6 shows photo- 
micrographs o f  t h e  c o n i c a l  su r face  w i t h  F i g .  6 (a )  
t aken  near  t h e  t i p  and F ig.  6 (b )  taken nearer  t h e  
shoulder .  From these i t  i s  obvious t h a t  t h e  e n t i r e  
c o n i c a l  su r face  was roughened b y  su r face  m e l t i n g .  
The m e l t i n g  was more pronounced near  t h e  t i p .  
Upstream o f  t h e  shoulder  t h e r e  was no change f r o m  
t h e  o r i g i n a l  c o n d i t i o n .  To determine whether t h i s  
m e l t i n g  was due t o  s t a r t i n g  phenomena o r  s imp ly  a 
l a c k  o f  s u f f i c i e n t  conduc t i ve  and convec t i ve  c o o l -  
i n g  d u r i n g  s teady s t a t e  ope ra t i on ,  two separate 
t e s t s  were performed a f t e r  Phase I V  and t h e  per-  
formance t e s t i n g .  I n  t h e  f i r s t  t e s t ,  t h e  t h r u s t e r  
was assembled w i t h  a newly p o l i s h e d  cathode and 
t h i r t y  b r i e f  s t a r t s  (app rox ima te l y  15 sec) were 
run.  The t i p  o f  t h i s  cathode d i s p l a y e d  t h e  same 
mo l ten  appearance as desc r ibed  above. 
second t e s t ,  t h e  t h r u s t e r  was assembled once aga in  
w i t h  a p o l i s h e d  cathode. T h i s  t i m e  t h e  t h r u s t e r  
was s t a r t e d  once and r u n  c o n t i n u o u s l y  f o r  30 min. 
Upon i n s p e c t i o n  t h i s  cathode d i d  n o t  show t h e  
roughened appearance noted i n  t h e  p rev ious  t e s t .  
From t h i s  i t  i s  apparent t h a t  t h e  m e l t i n g  i s  
r e l a t e d  t o  a s t a r t i n g  phenomena. I t i s  l i k e l y  t h a t  
t h e  a rc  o r i g i n a t e s  behind t h e  cathode t i p  and moves 
r a p i d l y  ove r  t h e  s i i r f ace  b e f e r e  reach jng  a s t a b l e  
o p e r a t i n g  p o i n t  a t h e  t i p .  T h i s  behav io r  has been 
Photomicrographs taken  f rom d i r e c t l y  above t h e  
cathode t i p  a t  t h e  conc lus ion  o f  Phases 11, 111, 
and I V  show t h a t  t h e  e n t i r e  t i p  was mo l ten  d u r i n g  
opera t i on .  By t h e  end o f  Phase I I ,  t h e  cathode had 
T h i s  was done i n  an 
The f i n a l  h a l f -  
A h i g h l y  magni- 
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p r e v i o u s l y  noted. 18 
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recessed f r o m  i t s  o r i g i n a l  geometry t o  a n e a r l y  
c i r c u l a r  p l a t e a u  approximately 0.3 mm i n  d iameter .  
T h i s  change i n  geometry i s  i l l u s t r a t e d  i n  
F ig .  7 (a ) .  Two d i s t i n c t  r e g i o n s  were obvious, an 
i n n e r  depress ion roughly  c o n i c a l  i n  shape and about 
0.16 mm i n  d iameter  and an o u t e r  mo l ten  r i n g .  
C lose r  examinat ion o f  t h e  i n n e r  r e g i o n  showed t h e r e  
were a s e r i e s  o f  smal l  r i n g s  l e a d i n g  t o  t h e  bot tom 
o f  t h e  c r a t e r .  The c r a t e r  was s l i g h t l y  o f f s e t  from 
t h e  cathode c e n t e r l i n e .  B a s i c a l l y  t h e  same appear- 
ance was seen a f t e r  Phase I V  and t h i s  i s  shown i n  
F ig .  7 (b ) .  A f t e r  Phase 1 1 1 ,  no c e n t r a l  c r a t e r  was 
observed. Rather,  t he  e n t i r e  t i p  was c r a t e r  shaped 
and approx imate ly  one f o u r t h  o f  t h e  mo l ten  a rea  was 
roughened as i f  i t  had r e c r y s t a l l i z e d  d i f f e r e n t l y  
t h a n  t h e  o t h e r  area. Weighings a f t e r  each phase 
i n d i c a t e d  t h a t  no m a t e r i a l  ( t o  t h e  accuracy o f  one 
m i l l i g r a m )  had been l o s t  f rom t h e  cathode. L i t t l e  
d i f f e r e n c e  was no ted  i n  t h e  d iameters o f  t h e  mol ten 
area f rom phase t o  phase. T h i s  i n d i c a t e s  t h a t  t h e  
cathode t i p  r a p i d l y  reaches an e q u i l i b r u i m  condi -  
t i o n  d u r i n g  s teady s t a t e  ope ra t i on .  
a forement ioned observat ions,  and p rev ious  t e s t s ,  
i t  appears t h a t  a molten t i p  i s  unavoidable when 
t h o r i a t e d  tungs ten  i s  t h e  cathode m a t e r i a l .  
i t  appears t h a t  t h e  arc a t taches  i n  a sma l l  c o n i c a l  
c r a t e r  on t h e  mo l ten  t i p .  T h i s  c r a t e r  i s  u s u a l l y  
apparent a f t e r  r e s o l i d i f i c a t i o n  o f  t h e  t i p  once t h e  
a r c  i s  ex t i ngu ished .  That  t h i s  was n o t  seen a f t e r  
Phase I 1 1  i s  p robab ly  due t o  t h e  f a c t  t h a t  t h e  
cathode was s l i g h t l y  m isa l i gned  d u r i n g  t h i s  pe r iod .  
T h i s  misa l ignment ,  documented i n  Ref. 16, p robab ly  
caused t h e  a r c  c r a t e r  t o  s e t  a t  an angle t o  t h e  t i p  
sur face.  I f  t h i s  were t h e  case, t h e  c r a t e r  would 
be  expected t o  co l l apse  a t  t h e  end o f  t h e  run. The 
gross r e d i s t r i b u t i o n  o f  m a t e r i a l ,  even a t  t h e  r e l a -  
t i v e l y  l ow  10 A c u r r e n t  l e v e l  used i n  these  t e s t s ,  
suggests t h a t  e f f o r t s  t o  s t r o n g l y  a f f e c t  t h e  s teady 
s t a t e  o p e r a t i n g  geometry o f  t h e  t i p  w i l l  n o t  p rove  
wor thwhi le .  Some preshaping, t o  remove t h e  excess 
m a t e r i a l  t h a t  becomes t h e  o u t e r  mo l ten  r i n g ,  may 
be  e f f e c t i v e  i n  reducing t h e  amount o f  v a r i a t i o n  
i n  t i p  geometry f r o m  t h e  i n i t i a l  t o  t h e  steady- 
s t a t e  c o n d i t i o n .  
From t h e  
Also,  
The c o n d i t i o n  o f  t h e  converg ing s i d e  o f  t h e  
anode/nozz le i n s e r t  a f t e r  Phase I 1  i s  shown i n  
F ig .  8. Under l ow  magn i f i ca t i on ,  F ig .  8 (a ) ,  b o t h  
an e x t e n s i v e  network o f  s t r e s s  c racks  and darkened 
s w i r l  marks i n  t h e  d i r e c t i o n  o f  t h e  f l o w  p a t t e r n  
a r e  apparent.  
s t r i c t o r  (F ig .  8 ( b ) )  shows t h a t  su r face  m e l t i n g  had 
occurred.  A t h i n  ra i sed  s u r f a c e  w i t h  a roughened, 
c r y s t a l l i n e  appearance covered much o f  t h e  area. 
I n  some s p o t s  t h i s  sur face l a y e r  had formed i n t o  
l a r g e r  d e p o s i t s  ( tungsten beads and r i d g e s  approx- 
i m a t e l y  10 wn i n  diameter - see F ig .  8 ( b ) )  l e a v i n g  
a r e l a t i v e l y  c l e a n  surface. Less su r face  m e l t i n g  
was e v i d e n t  f a r t h e r  upstream o f  t h e  c o n s t r i c t o r .  
The s w i r l  marks i n d i c a t e  t h a t  t h e  a r c  i n i t i a t e s  
upstream o f  t h e  cathode t i p  and on t h e  converg ing 
s u r f a c e  o f  t h e  anode before i t  i s  f o r c e d  t o  i t s  
s teady -s ta te  p o s i t i o n  b y  t h e  f l o w f i e l d .  Away f rom 
t h e  edge o f  t h e  c o n s t r i c t o r  t h e  su r face  covered b y  
t h e  t r a c k s  showed no more m e l t i n g  than  adjacent ,  
un t racked  sur faces,  so a r c  mot ion must be rap id .  
The exac t  n a t u r e  o f  the  darkening i s  under i n v e s t i -  
g a t i o n .  M e l t i n g  was a l so  apparent a t  t h e  en t rance  
t o  t h e  c o n s t r i c t o r .  This was a l o c a l i z e d  phenome- 
non as i t  was v e r y  obvious on one p a r t  o f  t h e  edge 
w h i l e  t h e  o t h e r  was b a s i c a l l y  untouched as shown 
i n  F ig .  8 ( c ) .  The side on which t h e  m e l t i n g  occur-  
r e d  a l s o  corresponds t o  t h e  s i d e  on which t h e  dark- 
e s t  a r c  t r a c k s  end. 
Higher  m a g n i f i c a t i o n  near  t h e  con- 
It i s  e v i d e n t  t h a t  t h e  a rc  i n i t i a t e s  upstream 
of t h e  cathode t i p  between t h e  c o n i c a l  s i d e  o f  t h e  
cathode and t h e  converg ing s i d e  o f  t h e  anode b e f o r e  
moving t o  i t s  s teady s t a t e  p o s i t i o n .  From t h e  
appearance o f  t h e  mo l ten  a rea  a t  t h e  c o n s t r i c t o r  
en t rance  i t  i s  a l s o  e v i d e n t  t h a t  t h e  anode s p o t  
a t taches  a t  t h i s  p o i n t  b e f o r e  t r a v e r s i n g  t h e  l e n g t h  
o f  t h e  c o n s t r i c t o r  t o  t h e  e x i t .  The reason f o r  t h e  
p r e f e r e n t i a l  at tachment,  shown i n  F ig .  8 (c ) ,  i s  
s t i l l  under i n v e s t i g a t i o n  b u t  i s  l i k e l y  due t o  
e l e c t r o d e  misa l ignment  problems caused b y  t h e  smal l  
d imensional  t o l e r a n c e  near  t h e  c o n s t r i c t o r  
ent rance.  Dur ing  Phases 1 1 1  and I V  t h e  m e l t i n g  
become more e x t e n s i v e  as shown i n  F igs .  9 and 10, 
r e s p e c t i v e l y .  A f t e r  Phase I11 much o f  t h e  con- 
s t r i c t o r  was s t i l l  r e l a t i v e l y  c lean, b u t  mo l ten  
m a t e r i a l  had appeared near  many o f  t h e  cracks.  
T h i s  c o u l d  i n d i c a t e  t h a t  t h e  c racks  a r e  r e g i o n s  of  
h i g h  e l e c t r i c  f i e l d  s t r e n g t h  t h a t  i n f l u e n c e  a rc  
at tachment,  b u t  f u r t h e r  i n v e s t i g a t i o n  i s  r e q u i r e d  
b e f o r e  t h i s  c o n c l u s i o n  c o u l d  be drawn w i t h  ce r -  
t a i n t y .  A f t e r  Phase I V Y  t h e r e  was some mo l ten  
m a t e r i a l  around most o f  t h e  c o n s t r i c t o r  ent rance.  
S t i l l ,  some p o r t i o n s  o f  t h e  en t rance  were l e s s  
a f f e c t e d  t h a n  o the rs .  From t h e  ev idence qathered 
t o  t h i s  p o i n t  i t  i s  p o s t u l a t e d  t h a t  e l e c t r o d e  
a l ignment  i n f l u e n c e s  t h e  p a t h  t h e  anode spo t  takes, 
b u t  t h a t  t h e r e  i s  a l s o  some degree o f  randomness 
i n v o l v e d  i n  t h i s  t r a n s i t i o n  process. 
U n l i k e  t h e  chamber s i d e  o f  t h e  anode, t h e  
n o z z l e  s i d e  showed no ev idence o f  me l t i ng .  
photographs o f  t h e  a rea  near  t h e  c o n s t r i c t o r  and 
t h e  c o n s t r i c t o r  f r o m  t h e  nozz le  s i d e  taken  a f t e r  
Phases 11, 1 1 1 ,  and I V  a r e  shown i n  F igs .  11, 12, 
and 13, r e s p e c t i v e l y .  W i th  t h e  excep t ion  o f  a 
l e n g t h e n i n q  o f  t h e  s t r e s s  c racks  t h e r e  was v i r -  
t u a l l y  no change i n  t h e  appearance o f  t h e  nozz le  
s i d e  f r o m  t h e  i n i t i a l  assembly t o  t h e  end o f  
Phase 11. Machining b u r r s  on t h e  l i p  o f  t h e  e x i t  
were s t i l l  c l e a r l y  v i s i b l e  a t  t h i s  p o i n t .  The o n l y  
d i f f e r e n c e  i n  appearance between Phases I 1  and I 1 1  
was t h e  appearance o f  a sma l l  sphere of mo l ten  
tungs ten  near  one o f  t h e  s t r e s s  cracks.  The b u r r  
on t h e  l i p  was s t i l l  c l e a r l y  v i s i b l e  behind t h i s ,  
and s i m i l a r  beads were v i s i b l e  i n s i d e  t h e  c o n s t r i c -  
t o r .  T h i s  m a t e r i a l  i s  o b v i o u s l y  be ing  blown down 
t h e  c o n s t r i c t o r  f rom t h e  ent rance.  A t  t h e  end o f  
Phase I V  more m a t e r i a l  was observed a t  t h e  e x i t  o f  
t h e  c o n s t r i c t o r .  Once aqain i t  i s  c l e a r ,  f rom t h e  
presence of t h e  b u r r ,  t h a t  t h i s  m a t e r i a l  i s  n o t  due 
t o  any m e l t i n g  i n  t h e  nozz le.  
a r e  s t r o n g  evidence t h a t  t h e r e  i s  no spo t  mode 
at tachment i n  t h e  c o n s t r i c t o r  o r  d i v e r g i n g  s e c t i o n  
o f  t h e  nozz le  d u r i n g  s teady s t a t e  ope ra t i on .  Spot 
at tachment upstream i n  t h e  h i g h  p ressu re  r e g i o n  
produced a s i g n i f i c a n t  amount o f  me l t i ng ,  and t h i s  
decreased ove r  t h e  l e n g t h  o f  t h e  c o n s t r i c t o r .  Were 
spo t  at tachment o c c u r r i n g  i n  t h e  nozzle,  i t  would 
be h i g h l y  u n l i k e l y  t h a t  t h e  e n t i r e  sur face,  i n c l u d -  
i n g  t h e  sharp edges on t h e  b u r r s  and s t r e s s  c rack  
edges, would comp le te l y  escape m e l t i n g .  
SEM 
These photographs 
Concluding Remarks 
The a r c j e t l p o w e r  supp ly  combinat ion used i n  
t h i s  t e s t  appears t o  have e l i m i n a t e d  t h e  sus ta ined  
low  mode o p e r a t i o n  observed i n  p rev ious  s t u d i e s  as 
300 s t a r t s  were r e l i a b l y  accomplished. T h i s  i n d i -  
c a t e s  t h a t  t h e  number o f  s t a r t s  a n t i c i p a t e d  i n  an 
a c t u a l  s a t e l l i t e  a p p l i c a t i o n  should n o t  p resen t  a 
problem. 
p r o b a b l y  be  necessary t o  comp le te l y  e l i m i n a t e  
s t a r t i n g  concerns. 
S t i l l ,  a f u l l ,  c y c l e d  l i f e  t e s t  w i l l  
4 
A t  t h e  c u r r e n t  l e v e l  used i n  t h i s  study, 
severe e ros ion  o f  t h e  cathode t i p  i s  n o t  expected 
t o  be a l i f e - l i m i t i n g  issue. As expected, a molten 
t i p  was found t o  be unavoidable d u r i n g  steady-state 
operat ion,  b u t  i t  was a l s o  found t h a t  recess ion o f  
t h e  t i p  t o  a steady s t a t e  ope ra t i ng  geometry occur- 
r e d  r a p i d l y  and w i t h  no apparent m a t e r i a l  l oss .  
I t  appears t h a t  some m a t e r i a l  cou ld  be removed f r o m  
t h e  catho.de t i p  p r i o r  t o  ope ra t i on  t o  reduce t h e  
v a r i a t i o n  i n  geometry f rom t h e  i n i t i a l  t o  t h e  
s teady-state cond i t i ons .  
Close examination o f  t h e  e lec t rodes  as t h e  
t e s t  progressed i n d i c a t e s  t h a t  t h e  a rc  s t r i k e s ,  
i n i t i a l l y ,  between a p o i n t  upstream o f  t h e  cathode 
t i p  and t h e  i n t e r i o r  converging su r face  of t h e  
anode. 
occurred r a p i d l y  and caused no cathode-re la ted 
problems, m e l t i n g  a t  t h e  entrance t o  t h e  cons t r i c -  
t o r  was observed. Although t h i s  was n o t  as severe 
as t h a t  seen i n  e a r l i e r  s tud ies  and d i d  n o t  appear 
t o  be performance l i m i t i n g  it, i s  a cause o f  con- 
c e r n  as i t  worsened w i t h  t ime  and number o f  s ta r t s .  
The l o c a l i z e d  na tu re  o f  t h e  m e l t i n g  i s  i n d i c a t i v e  
o f  al ignment problems, and t h i s  suggests t h a t  
f u t u r e  e f f o r t s  t o  increase s t a r t i n g  r e l i a b i l i t y  and 
lessen  t h e  e x t e n t  o f  anode damage should be 
d i r e c t e d  towards improvement i n  e lec t rode  a l i gn -  
ment. T h i s  cou ld  e n t a i l  a change i n  assembly pro- 
cedure, an improvement i n  machining to le rances  o r  
a combinat ion o f  these. 
Whi le  t h e  t r a n s i t i o n  t o  t h e  steady s t a t e  
F i n a l l y ,  t h e  absence o f  m e l t i n g  i n  t h e  nozzle 
r e g i o n  o f  t h e  anode i m p l i e s  t h a t  d i f f u s e ,  r a t h e r  
than  spot, mode attachment occurs when t h e  a rc  
s t a b i l i z e s  and seats i n  t h i s  area. 
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TABLE I .  - STARTING RELIABILITY TEST SEQUENCE 
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FIGURE 1. - ARCJET SCHEMATIC DIAGRAMS. 
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FIGURE 2. - OPEN-CIRCUIT STARTING PULSE. SCALE: 
VERTICAL - 500 V/DIVISION. HORIZONTAL - 2 HS/DIVISION. 
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URtGlNAL PAGE t3 
Of POOR QuAuw 
~ ~~ 
(A) A STARTUP WITH NO VOLTAGE OSCILLATIONS. 
(B) A STARTUP WITH VOLTAGE OSCILLATIONS. 
FIGURE 3. - OSCILLOSCOPE PHOTOGRAPHS OF TYPICAL STARTING 
TRANSIENTS. SCALE: VERTICAL - 500 V/DIVISION. HORIZONTAL - 
2 ps/DIVISION. 
FIGURE 4. - CATHODE TIP PROIR TO TEST ( 1 5 ~ ) .  
9 
( A )  CONSTRICTOR ENTRANCE (110~) .  
(B) CLOSE UP OF STRESS CRACK (280x1. 
FIGURE 5 .  - CHAMBER SIDE OF ANODE PRIOR TO TESTING. 
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ORlGlNAL PAGZ tS 
OF POOR W A L n  
(A) SIDE VIEW OF CATHODE NEAR T I P  (80x1. 
(B) SIDE VIEW O f  CATHODE NEAR SHOULDER (80~). 
FIGURE 6.  - PHOTOMICROGRAPHS OF CATHODE SIDE NEAR T I P  AFTER 
PHASE 11. 
1 1  
(A )  CROSS-SECTIONAL SCHEMATIC OF CATHOM T I P  RECESSION TO THE 
STEADY STATE OPERATING CONDITION ( I . E .  AFTER PHASE 11 ,  111. 
AND I V .  
(B) PHOTOMICROGRAPH OF CATHODE T I P  AFTER PHASE I V  (2OOX) .  
FIGURE 7 .  - CATHODE T I P  AFTER EXTENDED OPERATION. 
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a 
i 
(A) CHAMBER SIDE OF ANODE ( 5 0 ~ ) .  
(B) HIGHLY MAGNIFIED VIEW OF SURFACE NEAR THE CONSTRICTOR 
(500~). 
(C) CONSTRICTOR ENTRANCE ( 1 2 0 ~ ) .  
FIGURE 8. - SEM PHOTOGRAPHS OF CHAMBER SIDE OF THE ANODE 
AFTER PHASE 11. 
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(A)  CHAMBER SIDE OF ANODE (110x1.  
(B) DOWN CONSTRICTOR FROM CHAMBER SIDE ( 5 1 0 ~ ) .  
FIGURE 9.  - SEN PHOTOGRAPH OF CHAMBER SIDE OF ANODE AFTER 
PHASE 111. 
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ORIGINAL PAQg f8 
OF-wm 
( A )  CHAMBER SIDE OF ANODE (90x1 .  
(B) CONSTRICTOR FROM CHAMBER SIDE ( 1 6 0 ~ ) .  
FIGURE 10. - CHAMBER SIDE OF ANODE AFTER PHASE I V .  
1 5  
(A) NOZZLE SIDE OF ANODE (80x). 
. 
(B) CONSTRICTOR FROM NOZZLE SIDE (220X). 
FIGURE 11. - SEN PHOTOGRAPHS FROM NOZZLE SIDE OF ANODE AFTER 
PHASE 11 .  
ORIGINAL PAGE IS 
Of POOR QUALln  
ORIGINAL PAGE IS 
OF POOR QUALITY 
(A) CONSTRICTOR FROM NOZZLE SIDE ( 120x1. 
(B) CONSTRICTOR LIP FROM NOZZLE SIDE (600x1. 
FIGURE 12. - SEM PHOTOGRAPHS FROM NOZZLE SIDE OF ANODE AFTER 
PHASE 111. 
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.. . 
( A )  CONSTRICTOR FROM NOZZLE SIDE (110~) .  
(B) CONSTRICTOR T I P  FROM NOZZLE SIDE (210X). 
FIGURE 13. - SEM PHOTOGRAPHS OF ANODE FROM NOZZLE SIDE AFTER 
PHASE I V .  
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